Piezoelectric materials are used as layers or fibers that are embedded within or bonded to the surfaces of a structure. Piezoelectric transducers can be made in the different shapes. Piezoelectric elements are mainly made of polymer or ceramic materials.
Introduction
Piezoelectricity is a time-honored study in crystal physics, initiated by the brothers Jacques and Pierre Curie in 1880. When a piezoelectric crystal is subjected to a suitably oriented elastic stress, the crystal polarizes electrically in proportion to the applied stress; conversely, when a suitably oriented electric field is applied, the crystal changes shape (strains) in proportion to the field level.
The concept of using adaptive materials for engineering applications has recently received widespread attention. The analysis of primary composite multilayered structure with embedded and/or surface bonded sensors/actuators a key issue in the implementation of these sensors/actuators is.
Piezoelectric materials are characterized as being able to produce a mechanical strain when an electrical field is applied to the piezoelectric actuator -see Fig. 1 . The converse effect has also been observed, which has led to their use as sensors. Sensors respond to a physical stimulus and transmit a resulting impulse. When a device is actuated by power from one system and supplies power, than it is called as piezoelectric transducer. Ferroelectric polymers, such as poly vinylidene fluoride (PVDF) and poly vinylidene-cotrifluorethylene (P(VDF-TrFE)) [2] are very attractive for many applications because they exhibit good piezoelectric and pyroelectric response, low acoustic impedance, which matches water and human skin, and, moreover, their properties can be tailored to meet various requirements [3] . For applications as dielectric materials, it is desirable to enhance the dielectric constant of these polymers substantially [3] . Piezoelectric materials have two constitutive laws, one of which is used for sensing and the other for actuation purpose. For 2-D problems, the constitutive model for piezoelectric materials is of the form:
The first of this constitutive law is called the actuation law, while the second is called the sensing law. Here [σ] is the stress vector, [ε] is the strain vector, [e] is the matrix of piezoelectric coefficients, [E] is the applied field in the coordinate directions, [µ] is the permittivity matrix measured at constant stress and [D] is the vector of electric displacement in the coordinate directions.
[C] is the mechanical constitutive matrix measure at constant electric field. Equation 1 can also be written in the form:
where [S] is the compliance matrix, which is the inverse of the mechanical material matrix [C] and [d] is the electromechanical coupling matrix. The relations between the different sets of piezoelectric coefficients are:
Piezoelectric Sensor Applications
Piezoelectric sensors represent another broad area of piezoelectric applications. They are being used in ultrasonic level measurement, in classical vibration recorders to detect imbalances of rotating machine parts or in crash detectors in the automotive industry and in flow rate measurement applications. There, for example, the propagation time of the reflected echo of an ultrasonic wave is evaluated. Flow rate measurements are based on propagation time measurements or on the Doppler effect (measurement of phase difference). Further typical applications of "soft" piezoceramics are to be found in object identification and surveillance (e. g. surveillance sensors for cars, glass tampering detectors, etc.), sound transmitters (buzzers) and sound receivers (microphones), to their use in the sound pickups of musical instruments.
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The most important applications of the "hard" piezoceramic materials are for the generation of high-powered ultrasonic waves. The advantages of these PZT materials are piezoelectric high coupling factors, their moderate permittivity, high Q-factors and very good stability under high mechanical loads and operating field strengths. Low dielectric losses facilitate their continuous use in resonance mode with only low intrinsic warming of the component.
Practical examples of their applications can be found in the fields of the machining of materials (ultrasonic welding, bonding, drilling etc.), in ultrasonic cleaning (typically kHz range), in ultrasonic processing (e. g. liquid dispersion), in the medical field (ultrasonic dental scale removal, surgical instruments, etc.), in sonar technology.
Piezoceramic Actuators
Piezoceramic actuators use the effect of the relative change in length (up to approx. 1.5 0 / 00 ) when an electric field is applied. They are characterized in particular by high mechanical load capacities (up to 100 [MPa]), extremely low power dissipation or very low energy loss (zero current when not moving), short response times (in the submillisecond range), extremely high motion resolution (in the subnanometer range) and high reliability (more than 10 10 switching cycles) -see Ref. [1] .
These elements are therefore destined for use in high-tech fields (semi-conductors, telecommunications, optics, etc.), and also, to an increasing extent, in the automotive field (fuel injection systems), for pneumatic valve technology, micropumps and vibration damping.
Active Vibration Damping
The damping of undesired vibrations in mechanical structures by means of piezoelectric components can be carried out either actively or passively. These methods are characterized as follows:
• active vibration damping:
-external power source and control electronics required, -application of countermovements in the control loop. • passive vibration damping:
-energy conversion in the material itself, -the electrical energy generated by the structural vibrations (mechanical energy) in the piezoelectric elements is converted into heat for example, by means of resistors.
In active vibration damping a structure exhibiting undesirable, weakly damped natural resonances is equipped with special actuators and sensors connected in a servoloop. The controller is set up so that in the vicinity of the intrinsic frequencies, the actuator behaves like a high-viscosity damper.
If one integrates piezoelectric elements (also termed adaptive materials), e. g. actuators, in the form of piezoceramic plates or disks, into a structure, it can then be equipped with sensor and actuator functions. With suitable control algorithms, it can then adapt itself to the desired conditions.
The principle consists in exciting vibrations in the piezoelectric actuator by means of an electronic amplifier. Because the actuator is closely coupled with the mass of the assembly to be damped, if the force from the vibration introduced is opposite in phase from the unwanted vibrations, they can be neutralized or minimized.
Piezoelectric actuators, including multilayered elements (e. g. PICMA multilayer actuators - [1] ), can be used anywhere where precisely dosed periodic counterforces are needed in structures. The applications are currently mainly in the fields of aerospace (e. g. for saving fuel; vibration damping of lattice structures for antennas, etc.), vehicle manufacture (e. g. noise minimization), and also increasingly in mechanical engineering (rotating drives), etc.
Forms of Piezoelectric Transducers
Piezoelectric transducers are usually made in the shape of rectangular (Fig. 2) or round planeparallel plates (Fig. 3) , cut from a piezoelectric crystal so that the plate has been properly oriented with respect to the crystallographic axis, in particular in relation to the polar axis. Along this axis, the effect is highest for the longitudinal deformation, and therefore the plate, which has ultrasonic transducer longitudinal waves, is cut perpendicular to the polar axis. Piezoelectric transducers are made of ceramic materials often. These generally have better hardness and high-temperature strength. In the micro electromechanical systems it is also used the thick ceramic film and three-dimensional ceramic structures.
Piezoelectric sensors are also made of polymers, in which can be induced the piezoelectric effect. In most applications, it is used piezopolymer as a thin film, and also in the form of linear elements in the form of piezopolymer cables (Fig. 4) . Two versions of the piezopolymer cable are offered by Measurement Specialties [7] : copolymer and spiral. The copolymer cable is only available in limited quantities. The spiral cable is most commonly used. Continuous lengths of piezoelectric cable are available up to 1000 meters. When the cable is compressed or stretched, a charge or voltage is generated proportional to the stress.
Piezoelectric film (Fig. 5 ) is available in a variety of different film sizes and thicknesses. In the laminated sensor (a 28 [µm] or 52 [µm] piezoelectric film element -according to [7] ) the capacitance is proportional to the area and inversely proportional to the thickness of the element. When used in a 'bending' mode, laminated film elements develop much higher voltage output when flexed than non-laminated elements. The piezoelectric film is off the neutral axis in the laminate, and is strained more when flexed.
Piezoelectric film has typically been available in thin film (9 -110 [µm] ) formats (according to [7] ). Over the past few years, extensive research has been done to produce thicker films and nonstandard shapes for those specialized applications where very high sensitivity is needed in the thickness mode (d 33 ) or for hydrostatic (d h ) measurements, like sonar. Measurement Specialties [7] has developed thick film elements of piezopolymer. The standard building block for this is 500 [µm] material, which can be multi-layer stacked for increased sensitivity (according to [7] ). As the thickness of the series stacked sensor increases, the sensitivity increases, but the capacitance decreases proportionately.
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Advanced Materials in Machine Design Thick piezopolymer can also be supplied in a cylinder format, with a wall thickness of 1.07 [mm] (according to [7] ).
Piezoceramic-fiber-composite actuators as macro fiber composite (MFC) actuators have made it possible to obtain strains and displacements greater than those that could be generated by prior actuators based on monolithic piezoceramic sheet materials. MFC actuators are flat, flexible actuators designed for bonding to structures to apply or detect strains. Bonding multiple layers of MFC actuators together could increase force capability, but not strain or displacement capability.
Cylindrical piezoelectric fiber composite (CPFC) actuators (see [9] ) have been invented as alternatives to MFC actuators for applications in which greater forces and/or strains or displacements may be required. In essence, a CPFC actuator is an MFC or other piezoceramic fiber composite actuator fabricated in a cylindrical instead of its conventional flat shape. "Cylindrical" is used here in the general sense, encompassing shapes that can have circular, elliptical, rectangular or other cross-sectional shapes in the planes perpendicular to their longitudinal axes. CPFC actuators retain the desirable high strain or displacement and multiple-layer force enhancement capabilities of conventional flat piezoceramic fiber composite actuators.
An advantage of the cylindrical over the flexible flat actuators is that the cylindrical shapes impart stiffness, so that unlike the flat actuators, the cylindrical actuators can bear loads even when they are not attached to supporting structures.
The shape of piezoelectric transducers (e.g. [1, 7, 8, 10] ) are usually made in rectangular plane plates (as piezoelectric sensor - Fig. 6 ) or beams (as piezoelectric actuator - Fig. 7 ), but also we can find different shapes of transducers ( Fig. 8 ). Midé's PowerAct [8] offers a flexible transducer ( Fig. 9 ) technology for structural actuation and sensing. PowerAct enables directional, conformable actuation in a simple, cost-effective product. The PowerAct takes advantage of a unique process to improve the flexibility of the otherwise inflexible piezoceramic. In addition, interdigital electrode geometry enhances electromechanical coupling via the primary or direct piezoelectric effect resulting in greater performance and directional behavior. Fig. 8 . A PZT -custom arrays Fig. 9 . A piezoelectric flexible transducer (PA16n) [8] 
